Although plasma insulin and triglyceride concentrations are positively correlated in many studies, the relationships between insulin resistance, insulin secretion and hypertriglyceridaemia remain unclear. To study these associations, subjects between the ages of 40 and 64 were randomly selected from a general practice register and invited to attend for a standard oral glucose tolerance test for measurement of insulin, triglyceride and non-esterified fatty acid concentrations. The study comprised 1122 subjects who were not previously known to have diabetes and who completed the test. Using the World Health Organisation criteria, 51 subjects were classified to have non-insulin-dependent diabetes mellitus, 188 had impaired glucose tolerance and 883 subjects had normal glucose tolerance. Triglyceride concentrations in subjects with glucose intolerance were elevated compared to those in control subjects, even after adjustment for age, obesity and gender (p < 0.001 for subjects with diabetes and p < 0.01 for those with impaired glucose tolerance compared to normal subjects). In separate multiple regression analyses for males and females, the most important determinants of the plasma triglyceride concentration were the area under the non-esterified fatty acid suppression curve (p < 0.001 in both genders) and the waist-hip ratio (p < 0.001 for men and < 0.01 for women). The fasting insulin concentration was independently associated with triglyceride concentration in women only (p < 0.01). The most important determinant of the area under the non-esterified fatty acid suppression curve in men was the 30-rain insulin increment, a measure of insulin secretion, (p < 0.001) whereas for women age (p < 0.001) and the body mass index (p < 0.01) were the most important. [Diabetologia (1994) 37: 889-896] Key words Non-insulin-dependent diabetes mellitus, impaired glucose tolerance, hypertriglyceridaemia, hyperinsulinaemia, non-esterified fatty acid.
The prevalence of ischaemic heart disease is increased 2-3 fold for subjects with diabetes mellitus [1, 2] and is the principal cause of morbidity and mortality for subjects with NIDDM [3, 4] . Prospective epidemiological studies have shown that hypertrigly-ceridaemia, a common feature of diabetic dyslipidaemia [5] , is associated with increased cardiovascular risk [6] . It is also closely linked with insulin resistance and hyperinsulinaemia, and a cluster of other metabolic abnormalities (the insulin resistance syndrome or syndrome X) [7] . Recently it has been shown that subjects with IGT [8, 9] or NIDDM [10] [11] [12] [13] have a relative insulin deficiency (as determined by decreased 30-min insulin concentrations after an oral glucose challenge) compared to subjects with normal glucose tolerance. However, it is not known whether this relative deficiency is associated with hypertriglyceridaemia.
Insulin and NEFA are important regulators of VLDL production both in vitro [14] [15] [16] [17] and in vivo New diabetes or IGT vs normal within gender dp < 0.05; ep < 0.01; rp < 0.001
New diabetes vs IGT within gender gp < 0.05; hp < 0.0i; ip < 0.001 [18] . While there is agreement that VLDL-triglyceride production is increased in NIDDM [19] [20] [21] there is disagreement concerning the mechanism. The aims of this study were to determine, in subjects with both normal and abnormal glucose tolerance: 1) whether differences in NEFA suppression during a standard oral glucose tolerance test were associated with changes in plasma triglyceride concentrations, and 2) whether insulin parameters predicted plasma NEFA concentrations.
Subjects, materials and methods
The subjects described here were studied as part of the first phase of a prospective study into the aetiology and pathogenesis of NIDDM being carried out in Ely, Cambridgeshire, UK. The sampling frame was constructed from the local general practice register and a letter of invitation was sent to a random selection of patients not previously known to have diabetes, between the ages of 40 and 64 years. Local ethical committee approval was obtained and patients gave their informed consent to participate in the study. Of the 1571 subjects invited 1156 (74%) participated in the study. After a 10-h fast, subjects underwent a clinical examination which included a dietary and medical questionnaire, anthropometric measurements and a standard 75-g oral glucose tolerance test. Height, weight, waist and hip circumferences were measured without shoes and in light clothing. Waist circumference was measured at the mid-point between the inferior border of the costal margin and the anterior superior iliac crest and hip circumference at the level of the greater trochanters. Subjects were given the equivalent of 75-g anhydrous glucose in 250 ml water and venous blood samples were collected at baseline, and at 30 and 120 min. Serum was immediately separated, kept on ice and stored at -70 ~ within 4 h. Plasma glucose was measured by a hexokinase method [22] and triglyceride measured using the RA 1000 (Bayer Diagnostics, Basingstoke, Hants., UK) with a standard enzymatic method. Plasma insulin was determined by two-site immunometric as-C. D. Byrne et al.: Hypertriglyceridaemia and glucose tolerance says with either lzsI or alkaline phosphatase labels [23, 24] . Insulin concentrations were measured in baseline, 30-rain and 120-min samples. A measure of insulin secretion was calculated by dividing the difference between 30-min insulin and fasting insulin concentrations by the 30-min glucose concentration (the 30-rain insulin increment). Plasma NEFA concentrations were determined enzymatically based on acyl-CoA synthetase activity (Boehringer Mannheim, Lewes, Sussex, UK). The resultant acyl-CoA is oxidised to yield hydrogen peroxide which is measured colorimetrically [25] . The assay had a between assay coefficient of variation of 10 % at 0.40 mmol/1 and 6 % between 1.2 and 2.3 mmol/1. NEFA concentrations were measured in baseline, 30-rain and 120-min samples. The area under the NEFA suppression curve was also included in the analysis as a measure of both the fasting concentration and the suppression of NEFAs during the oral glucose tolerance test. This area was calculated as the area under the trapezium described by the NEFA measurements at time 0, 30 and 120 min (units h. retool/l).
The World Health Organisation criteria [26] were used to identify subjects with diabetes (fasting plasma glucose > 7.8 mmol/1 or 2 h glucose > 11.1 mmol/1), IGT (2-h glucose between 7.8-11.1 mmol/1) and normal glucose tolerance (2-h glucose < 7.8 mmol/1) (subsequently referred to as control subjects). Control subjects for this analysis represented a 35 % sample of all subjects found to have normal glucose tolerance and were selected by random stratified sampling on the basis of their triglyceride concentration. There were no statistical differences in baseline characteristics of the control subjects in this analysis and the whole population of subjects with normal glucose tolerance.
Statistical analysis
The means of the baseline variables are presented in Tables 1  and 2 stratified by gender and glucose tolerance category. Arithmetic means (SD) are presented where the underlying variable is normally distributed and geometric mean (and 95 % confidence interval) where the distribution of a variable is skewed. Comparison of means between gender within each glucose tolerance category and between categories within each gender, was by the Z test. The adjusted means (Table 3) were calculated using regression models separately for men and women, fitting each of the log transformed dependent variables with age, body mass index and waist-hip ratio in normal subjects. The mean residual was calculated in each category to give the amount by which the group mean should be corrected.
Comparison of the corrected mean values of the diabetes group and the IGT group with the control subjects was by the Z test. Pearson correlation coefficients (Table 4) were derived to show the relationship between variables (log transformed where necessary) stratified by glucose category (with IGT and diabetes considered together) and gender. Finally multiple regression models were derived separately for males and females to explain triglyceride concentrations and the NEFA area. The following variables were entered into the triglyceride model; age, body mass index, waist-hip ratio, fasting insulin, the 30-min insulin increment and the NEFA area. The same variables (excluding NEFA area) were entered into the NEFA area model. For each variable in the final model the standardised fl coefficient and its significance are given (Table 5). The overall R 2 may be interpreted as the proportion of the overall variability in the dependent variable that is explained by the model and is presented in an adjusted form to allow comparison between models that include different numbers of explanatory variables. 
Results
In this study 51 subjects were found to have previously undiagnosed diabetes and 188 had IGT. Complete data is available on all subjects with diabetes, 187 subjects with IGT and 310 control subjects (Table 1). Subjects with IGT and NIDDM were older and more obese than the control subjects. In subjects with normal glucose tolerance, geometric mean plasma triglyceride concentration was significantly lower for women (1. NEFA area was increased in subjects with NIDDM compared to control subjects (p < 0.001 both sexes) although the increase in women was greater. In both sexes NEFA area levels in subjects with IGT were higher than control subjects (p < 0.001) and in women with IGT the mean area was lower than for female subjects with NIDDM (p < 0.05) ( Table 2 ). There was Significance of standardised fi coefficient ap < 0.05, b p < 0.01, Cp < 0.001 Results are standardised/3 coefficient and significance, and adjusted R 2 for each model WHR, Waist-hip ratio; BMI, body mass index a significant elevation of NEFA area in women compared to men both for subjects with NIDDM (p < 0.01) and IGT (p < 0.05). Geometric mean fasting and 2-h insulin concentrations were increased for men and for women with IGTand NIDDM compared to control subjects. The 30-min insulin concentrations were lower only for men with NIDDM compared to control subjects (p < 0.05). The 30-min insulin increment in subjects with NIDDM was significantly lower than for control subjects (p < 0.001 both sexes) and also lower than for subjects with IGT (p < 0.001 in males and p < 0.01 in females). In subjects with IGT this measure was lower than that in control subjects (p < 0.05 both sexes). After adjustment for age, sex, body mass index and the waist-hip ratio, 30-min insulin concentra-tions were lower for subjects with IGT and NIDDM compared to control subjects (IGT vs normal subjects, p<0.05; NIDDM vs normal subjects, p < 0.001). Fasting and 120-min insulin concentrations were increased in subjects with NIDDM and IGT compared to normal subjects (Table 3 ). The 30-min insulin increment was significantly lower in subjects with NIDDM and IGT than control subjects. NEFA area increased as glucose tolerance deteriorated (IGT and NIDDM vs control subjects, p < 0.001) and triglyceride concentrations also increased with deteriorating glucose tolerance (IGT vs control subjects, p<0.01 and NIDDM vs control subjects, p < 0.001). Table 4 shows the Pearson correlation coefficients between anthropometric and metabolic variables, log transformed where necessary, and stratified by gender and glucose tolerance category. For these analyses subjects with IGT and NIDDM were combined into one group of subjects with abnormal glucose tolerance. There was a correlation between NEFA area and triglyceride concentration for subjects of either sex with normal glucose tolerance (both sexes p < 0.001) and abnormal glucose tolerance (male p > 0.05 and female p < 0.01). The waisthip ratio was significantly positively correlated with plasma triglyceride for subjects with normal (both sexes p<0.001) or abnormal glucose tolerance (males p < 0.01, females p < 0.001). In all subjects fasting insulin concentrations were significantly associated with triglyceride concentrations.
In the multiple regression models (Table 5 ) the 30-rain insulin increment had a strong negative independent association with NEFA area in men (p < 0.001). In women, although the direction of the association between the 30-min insulin increment and NEFA area was the same (standardised fi coefficient -0.09), this did not reach statistical significance. For women, age (p < 0.001) and the body mass index (p < 0.01) had the strongest association with NEFA area. The fasting insulin concentration was not independently associated with NEFA area in either sex.
The waist-hip ratio and NEFA area both had a strong positive independent association with triglyceride concentration in male and female subjects. Age and the fasting insulin concentration were independently associated with triglyceride concentration in women only.
Discussion
The results of this study show that the NEFA area was increased in subjects with abnormal glucose tolerance, and that the NEFA area and the waist-hip ratio had the strongest independent associations with plasma triglyceride concentrations in subjects with either normal or abnormal glucose tolerance. In vivo, 893 plasma NEFA concentrations are largely determined by the action of insulin to suppress adipocyte lipolysis, and in the physiological state insulin suppresses hormone sensitive lipase [27, 28] and promotes re-esterification of NEFA [29] . Plasma NEFA concentrations may be important determinants of plasma triglyceride concentrations since the rate of supply of NEFA to the liver is a major factor controlling hepatic triglyceride secretion [16, 30] . Furthermore, hepatic triglyceride synthesis is controlled by the availability of NEFA substrate and by the coordinate regulation of the activities of phosphatidate phosphohydrolase and diacylglycerol acyltransferase. Both of these enzymes are stimulated by NEFA [31, 32] and it has been shown that phosphatidate phosphohydrolase activity is increased in diabetes [33] . Consequently failure to adequately suppress NEFA release into the plasma could have important consequences for VLDL production and plasma triglyceride concentration.
Although insulin is an important factor in the suppression of NEFA release from adipocytes, it is uncertain whether NEFA suppression is affected by insulin resistance, hyperinsulinaemia or altered insulin secretion (or a combination). It was our intention to determine whether any of the insulin parameters usefully predicted plasma NEFA concentrations. Laakso [34] showed that in subjects with normal and abnormal glucose tolerance, fasting insulin concentration was the best marker of insulin resistance as determined by whole body glucose uptake using the euglycaemic hyperinsulinaemic clamp technique. The 120-rain insulin concentrations during the oral glucose tolerance test were a reliable marker of insulin resistance for subjects with normal glucose tolerance but not for subjects with abnormal glucose tolerance. It was for this reason that we included the fasting insulin concentration as the measure of insulin resistance in the multiple regression models and excluded the 120-rain insulin. In recent studies the 30-rain insulin concentration during the oral glucose tolerance test has been shown to be a good marker of insulin secretion as determined by 3-min insulin concentrations during an intravenous glucose tolerance test [35] . The 30-rain insulin increment, as defined in this paper is superior to the 30-min insulin concentration as an index of insulin secretion (D. I. W. Phillips -personal communication) and was therefore included in the multiple regression models as the best available measure of insulin secretion in an oral glucose tolerance test.
The results from this study showed that in men with normal glucose tolerance, the NEFA area was negatively correlated with the 30-min insulin increment, but not with either fasting or 120-min insulin. In women there was also a negative, but weaker and not statistically significant, correlation between the 30-min insulin increment and the NEFA area. There was a stronger correlation in women than in men between 120-rain insulin concentration and NEFA area. This result suggests that there are gender differences between the relative importance of insulin secretion and insulin resistance and their effects on NEFA suppression. For subjects with abnormal glucose tolerance the direction of each of these correlations was the same but none of the correlations were statistically significant, which may be attributed to the smaller number of subjects in this group.
As there were apparent gender differences in factors determining NEFA suppression, the multiple regression models for NEFA area and triglyceride concentrations were analysed separately by gender. Subjects with normal and abnormal glucose tolerance were grouped together as the Pearson correlation coefficients showed that relationships were generally in the same direction within and between glucose tolerance groups and therefore it was unlikely that false associations would be observed by studying glucose tolerance categories together. There was a strong negative independent association between the 30-rain insulin to glucose ratio and NEFA area in men and a weaker negative association in women. The fasting insulin concentration was not independently associated with NEFA area for either sex. Together these results suggest that insulin secretion is an important factor determining plasma NEFA concentrations, particularly for men, whereas insulin resistance was an important factor determining plasma NEFA concentrations only for women with normal glucose tolerance.
The data show a strong positive correlation between fasting insulin and plasma triglyceride concentrations in all subjects, which concurs with the findings of other studies [36] [37] [38] . This observation has been taken to imply that either hyperinsulinaemia or insulin resistance (or both) are causative in raising plasma triglyceride concentrations. However, in this study, when the effects of other covariates are taken into account, the association between fasting insulin and triglyceride is only weakly significant and is restricted to women. This finding, together with the knowledge that hyperinsulinaemia in subjects with insulinomas is not associated with hypertriglyceridaemia [39] , suggests that it is unlikely that hyperinsulinaemia per se is responsible for causing hypertriglyceridaemia [40] .
Lipoprotein lipase is an insulin-dependent enzyme the activity of which is decreased in obesity [41] and NIDDM [42, 43] , but which may be increased by improved metabolic control [44] [45] [46] . Activity of this enzyme is important in the clearance of postprandial triglyceride-rich lipoproteins from the circulation and reduced hepatic uptake or reduced clearance of triglyceride-rich lipoproteins may contribute to hypertriglyceridaemia in subjects with abnormal glucose tolerance [43] . The association in this study between C. D. Byrne et al.: Hypertriglyceridaemia and glucose tolerance fasting plasma insulin and plasma triglyceride concentrations (in women only) may be a consequence of insulin resistance with decreased lipoprotein lipase activity. All the subjects in this study were fasting and the consequence of impaired lipoprotein lipase activity on clearance of triglyceride-rich lipoproteins may be more important in the postprandial state.
Previous studies have demonstrated a strong association between intra-abdominal fat and the waisthip ratio [47] . Therefore, the observed association between the waist-hip ratio and triglyceride may be indicative of an underlying relationship between intraabdominal fat deposition and triglyceride concentration. The finding that intra-abdominal adipocytes have a higher sensitivity to the stimulation of lipid mobilisation processes, and that the anti-lipolytic effect of insulin on these cells is less than on the subcutaneous adipocytes [48] , may provide a biologically plausible explanation for these observations.
For subjects with normal glucose tolerance, mean plasma triglyceride concentrations were lower for women than for men which may partially account for the lower risk of ischaemic heart disease for women than for men with normal glucose tolerance. Elevated plasma triglyceride concentrations are associated with small dense LDL particles, decreased plasma HDL levels and increased cardiovascular risk. The waist-hip ratio was lower for women than for men, but insulin and fasting NEFA concentrations were similar for both sexes. Recently it has been suggested that, for subjects with normal glucose tolerance, suppression of NEFA was greater for women than for men during an oral glucose tolerance test [49] . In contrast, our data indicate that for subjects with normal glucose tolerance the impact of gender on NEFA is small but that gender differences become marked as glucose tolerance deteriorates. In parallel with the increased NEFA area there was a more marked increase in plasma triglyceride for women than for men with abnormal glucose tolerance. This effect may contribute to the higher relative cardiovascular risk observed in women compared to men with NIDDM [50, 51] .
In conclusion, these results show that increased NEFA concentrations are an important determinant of triglyceride concentrations. Increasing obesity and age (for women) and deteriorating insulin secretion (for men and women) act to increase plasma NEFA concentration. The waist-hip ratio is not associated with plasma NEFA concentrations and would appear to affect triglyceride concentration through a different mechanism. We suggest that increased plasma NEFAs are an important factor contributing to hypertriglyceridaemia and may be associated with the increased cardiovascular risk for subjects with abnormal glucose tolerance. Furthermore, the marked increase in plasma NEFA and plasma triglyceride concentrations for women with NIDDM may partly explain why NIDDM is a stronger cardiovascular risk factor in women than in men.
